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Abstract During amelogenesis, extracellular matrix
proteins interact with growing hydroxyapatite crystals to
create one of the most architecturally complex biological
tissues. The process of enamel formation is a unique bio-
mineralizing system characterized ﬁrst by an increase in
crystallite length during the secretory phase of amelogen-
esis, followed by a vast increase in crystallite width and
thickness in the later maturation phase when organic
complexes are enzymatically removed. Crystal growth is
modulated by changes in the pH of the enamel microen-
vironment that is critical for proper enamel biominerali-
zation. Whereas the genetic bases for most abnormal
enamel phenotypes (amelogenesis imperfecta) are gener-
ally associated with mutations to enamel matrix speciﬁc
genes, mutations to genes involved in pH regulation may
result in severely affected enamel structure, highlighting
the importance of pH regulation for normal enamel
development. This review summarizes the intra- and
extracellular mechanisms employed by the enamel-forming
cells, ameloblasts, to maintain pH homeostasis and, also,
discusses the enamel phenotypes associated with disrup-
tions to genes involved in pH regulation.
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Tooth enamel is formed by tightly packed hydroxyapatite-
like (Hap-like) crystals creating the hardest and one of the
most architecturally complex biological tissues [1, 2].
However, during its development, enamel is mostly com-
posed of soft gel-like matrix proteins secreted by speciﬁc
enamel cells known as ameloblasts. The environment sur-
rounding the crystals and the chemical processes involved
in their growth are exquisitely regulated by the ameloblasts
[3]. Crystal growth and secretion of organic matrix proteins
are a continuous and near-synchronous process. When the
appositional growth of enamel has been completed, the
organic components in the tissue are enzymatically
removed [4]. The spaces that originally contained water
and matrix proteins are then ﬁlled by the crystals, which
vastly increase in width and thickness at this point, leaving
almost no spaces between the enamel crystallites when
enamel is fully mature [1].
The process of enamel formation requires the tight
control of extracellular pH and bicarbonate concentration
[1, 5]. Crystal growth and proteinase activity in the extra-
cellular space are thought to be pH-dependent phenomena
requiring that cellular transport processes controlling the
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fashion [1, 6]. However, as will be discussed later, it is not
yet clear whether gene expression (i.e. bicarbonate secre-
tion by ameloblasts) generates the necessary local condi-
tions for crystal growth or if gene expression acts in
response to changing conditions during crystal formation.
This review summarizes previous work on regulation of pH
during amelogenesis, focusing on the known genes
expressed by ameloblasts whose function is thought to be
involved in pH homeostasis.
Ameloblast Function and Amelogenesis
Ameloblasts cells perform a variety of biological roles,
changing their cellular organization and function in a
complex fashion throughout their lifespan. Ameloblasts
synthesize and secrete a host of enamel matrix proteins
within spatially and temporally constrained domains. These
ameloblast products are actively involved in regulating the
structural development of enamel (see below). The role of
ameloblasts as pH regulators is perhaps less well studied,
but recent advances are now allowing for the construction
of a mechanistic model for maintenance of pH homeostasis
by ameloblasts during enamel formation (e.g., Refs. [7, 8])
that we expand on in the next sections.
Amelogenesis is generally subdivided into three main
functional phases, commonly referred to as the presecre-
tory, secretory, and maturation stages [9]. These stages can
be largely characterized by the morphology of the amelo-
blast cells, as well as by the appearance of the extracellular
matrix they are associated with. During the presecretory
stage, ameloblasts differentiate, change polarity, develop a
junctional complex at their new apex, and assemble an
extensive protein synthetic apparatus. Secretory amelo-
blasts then become tall columnar cells with a polarized
organization. The nucleus and mitochondria are found at
the basal pole of the cells, whereas the endoplasmic
reticulum and Golgi complex are positioned near the apical
(secretory) pole. The apical pole of secretory ameloblasts is
characterized by the presence of an extended cell process
called the Tomes’ process that plays an important role in
organizing the enamel crystals into a complex network of
rod (prism) and interrod enamel. During the secretory
stage, ameloblasts create the full thickness of the enamel
by matrix apposition, but this matrix remains only partly
mineralized until the ensuing maturation stage [4, 10].
Prior to the maturation phase of the enamel matrix, a-
meloblasts undergo cellular changes that involve a
decrease in height, a reduction in protein synthesizing
organelles, and the loss of their apical cell extension
(Tomes’ process) [11, 12], although high levels of lipids
detected in maturation may be indicative of Tomes’
process remnants [13]. Interestingly, recent studies have
elucidated that during maturation, a number of extracellu-
lar proteins are secreted by ameloblasts, and whereas no
evident appositional growth of the enamel tissue takes
place at that point, ameloblasts remain active secretory
cells. Some of these secreted products are proteolytic
enzymes whose function is to remove organic matrix [4,
14, 15]. Some others, including amelotin [16, 17] and
Apin/ODAM [18], accumulate at the interface between the
maturing enamel and the ameloblasts. They may mediate
adhesion of the cells to the enamel surface, thereby creat-
ing a restricted environment for proper matrix removal and
crystal growth to occur. It is yet unclear whether crystal
growth stimulates removal of proteins or if protein removal
is necessary for crystal growth [10, 19]. Furthermore,
during the maturation stage, ameloblasts change morphol-
ogy in a unique series of modulations from a rufﬂe-ended
shape characterized by infolded plasma membranes at the
apical end, to a smooth-ended shape [20–23]. Rufﬂe-ended
ameloblasts typically are tightly bound by junctional
complexes at their apices and show considerable endocy-
totic activity. On the other hand, smooth-ended ameloblasts
show little endocytotic activity and have no apical tight
junctions, making them leaky to small proteins and mole-
cules. It should be pointed out that how or what triggers
ameloblasts to switch between rufﬂe- and smooth-ended
functional stages remains unknown, but the rufﬂe-ended
phase predominates during maturation [1, 24]. It is also
noteworthy that ameloblasts change morphology in coor-
dinated groups noticeably appearing as bands of similar
morphology around the circumference of the crown [20,
25, 26]. These waves of ameloblast modulations seem to
play a role in pH regulation and bicarbonate transport as
discussed later.
Enamel Microstructure and Crystal Growth
The main structural feature of mature enamel is the enamel
prism or enamel rod, each containing thousands of crys-
tallites arranged in bundles [27]. Enamel rods are separated
from one another by interrod enamel, which is also formed
by crystallites. The differences between rod and interrod
enamel reﬂect different orientations of crystallites [27]. At
the rod sites, very long crystallites are found parallel to
each other. These crystallites develop at the apicalmost
portion of the Tomes’ process, which is inclined with
respect to the long axis of the cell. In contrast, the crystals
constituting the interrod enamel are formed at the proximal
portion of the Tomes’ process. Each rod is thought to
reﬂect the path of a single ameloblast as it moves from the
dentinoenamel junction (DEJ) to the outer surface of the
enamel [27]. Enamel growth rates vary depending on the
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which these are measured [28]. For instance, mouse enamel
has the fast growth average of 13.5 lm a day [1], whereas
human enamel grows at an increasing rate from inner to
outer enamel, ranging from *2.8 lm at the start of
secretion near the DEJ to *5.2 lm at the outer areas in the
occlusal enamel [28].
The ﬁrst stage of crystal formation is nucleation, which
can be deﬁned as a ‘‘chain of collision events leading to the
formation of a stable cluster of ions capable of survival and
growth as a crystal’’ [29]. Enamel crystallites ﬁrst form at
the DEJ as ribbon-like structures only a few nanometers
across, uniform in size, and parallel to each other along the
c-axis [30, 31]. The length of crystals in fully formed
enamel, however, likely nears that of the entire thickness of
the enamel layer [32].
The atomic structure of enamel crystals is a variation of
the classic hydroxyapatite (Hap) lattice in that it incorpo-
rates other types of ions (i.e., carbonates), and thus it is
better described as a nonstochiometric carbonated calcium
hydroxyapatite [33–35]. It has been argued that for every
unit cell, or the minimum repeating structure of hydroxy-
apatite crystals that are formed, *8H
? protons are
released in the extracellular environment, lowering the pH
[1]. Simmer and Fincham [35] suggested that these free
protons could reverse the deposition of ions on the crystal
surface while increasing the deposition of crystal growth
inhibitors such as calcium phosphate. These free protons
may diffuse away or alternatively, enamel cells may use
acid–base transport systems to regulate the extracellular pH
[36]. The main extracellular buffering mechanism used by
ameloblasts appears to be the bicarbonate buffer system
[1]. Compared with other tissues, such as bone and dentine,
enamel has a higher acid loading capacity [37, 38].
pH Changes During Amelogenesis
Earlier works on the analysis of extra- and intracellular pH
on the developing mouse dentition used autoradiography,
injecting [
14C]DMO (dimethyloxazolidinedione) com-
pound in 10- to 19-day-old C57/Bl/6 mice [39]. This
compound is distributed throughout the body tissues,
depending on local concentrations of water and pH.
[
14C]DMO concentrations increase in areas of high pH
[39]. Rat maxillary incisors were divided into four regions
of study, from the mature to the developing end of the
crown. Higher pH levels were detected at the mature end
(pH 8.0–8.5), whereas the less calciﬁed zones of the crown
showed a lower pH (pH 7.3-7.4). Unlike the variation in
extracellular pH, the intracellular pH of ameloblasts
remained between 7.2 and 7.1. Lyman and Waddell [39]
suggested that such changes in enamel extracellular pH
were related to calciﬁcation levels, as the binding of cal-
cium ions to protein matrix creates a high local pH. This
high pH permits an accumulation of PO4
3- and OH
- ions
to levels that permit the initiation of crystal nucleation.
The glyoxal bis (2-hydroxyanil) method (GBHA)—a
calcium-chelator dye—was ﬁrst used by Takano et al. [40]
to determine pH differences in tooth enamel. This study
showed bands of GBHA red staining, which marks alkaline
conditions, on maturation-stage surface enamel devoid of
the enamel organ in whole bovine, dog, monkey, and rat
incisors. In a separate experiment, after perfusion, rat and
monkey incisors were extracted and the saggital half of
each tooth was cleaned off the enamel organ while the
other half was left intact [40]. The samples were immersed
in GBHA, and red bands appeared on the half of the crown
devoid of enamel organ. These bands were used to mark
their location on the half containing enamel organ in order
to examine ameloblast morphology from histological sec-
tions. Ameloblasts under the GBHA bands showed a
smooth-ended morphology under the light microscope,
indicating that alkaline conditions dominate ameloblasts
during the smooth-ended phase. It was also shown that
autoradiographic analysis of
45Ca-labeled rat incisors dis-
played a distribution pattern matching the GBHA staining,
suggesting that Ca entry into the enamel area increased
during smooth-ended transitions, as previously observed
[21, 22, 41]. It was then concluded that it is likely that the
maturation process of ameloblasts represents a common
mechanism of enamel formation in mammals, and there-
fore, pH conditions similarly change during this phase.
Following these ﬁndings, Sasaki et al. [5] used three
different pH indicator solutions to cross-reference details
of pH changes in unerupted whole bovine incisors after
removal of the enamel organ. Results of that study showed
alternating bands of acidic to neutral extracellular pH along
the crown. The enamel corresponding to acidic or neutral
zones was then carefully removed and suspended in dis-
tilled deionized water. The resulting pH was measured
from the supernatants using a glass-electrode pH meter. In
addition, a number of halved incisors were stained with
GBHA and a pH indicator mixture to perform an overall
cross-checking of each pH indicator for each zone of the
incisors. Results from using a variety of pH staining
solutions indicated an alternating and matching pattern of
extracellular pH conditions ranging from acidic (pH 5.5–
6.0) to neutral (pH * 7.2) zones. Sasaki et al. [5] labeled
the acidic zone located in the occlusal half of the crown as
‘‘forming or maturing enamel’’ and hypothesized that the
acidic conditions related to the release of protons by
forming crystals. Those authors proposed that physiologi-
cal neutralizing conditions are required in vivo during
ameloblast shift from smooth- to rufﬂe-ended. Interest-
ingly, this study also suggested that an unnamed proteinase
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optimal activity at *pH 6.0 [5].
More recently, Tagaki and collaborators investigated
changes in pH on bovine incisors and its relationship with
crystal growth and carbonate levels [6]. Developing bovine
incisors were stained with pH indicator solutions identi-
fying four different and alternating stages of acidic and
neutral pH along the crown, with the ﬁrst neutral stage
located near the root. The erupted portion of the crown, the
occlusal enamel, was used as a standard. Samples of each
of the alternating zones in the developing enamel were
mechanically extracted, and proteins were puriﬁed from the
supernatants. Results of that study showed that neutral
zones of enamel were characterized by the presence of full
molecular weight forms of amelogenin and enamelin, as
shown in SDS-PAGE gel electrophoresis. In acidic zones, a
low molecular weight form of these proteins was detected.
The authors interpreted this difference as possible enzy-
matic processing of enamel matrix, given that a low pH
may activate an enamel proteinase previously identiﬁed
[5]. Furthermore, it was shown that the composition of
crystals changed between the alternating acidic and neutral
stages. Inductively coupled plasma (ICP) emission spec-
trometry showed that ratios of (Ca ? Mg)/P changed in the
alternating acidic-neutral phases along the crown,
increasing under acidic conditions compared to the pre-
ceding neutral phase [6]. Erupted enamel had a higher
(Ca ? Mg)/P ratio than either the acidic or the neutral
unerupted enamel.
Smith et al. [42] investigated the role that the pH of the
aqueous ﬂuid present in enamel during the secretory and
maturation phases plays in controlling the activity and
solubility of enamel proteases. Their study used enamel
organ cells as well as underlying enamel derived from rat
incisors that had been previously freeze-dried. Extraction
of these materials from the sectioned incisor followed a
protocol previously described by Smith and Nanci [43]i n
which whole incisors are divided into various stages of
amelogenesis based on a distance from the tooth apex and
using a molar reference line. This protocol enables material
from speciﬁc developmental stages to be dissected. Strips
of material (containing both cells and enamel) were cut
from each of the ﬁve sequential stages deﬁned by this
protocol. Results from this mixture of intra- and extracel-
lular material indicated that the pH was relatively uniform
during the secretory stage, with values clustering around
*7.23. Strips of material from maturation stage showed
greater variability in extracellular pH values, ranging from
neutral to weakly acidic conditions (pH 6.2–7.2). An
interesting aspect of that work was that it showed a rise in
pH values toward the end of the maturation stage [44].
Values obtained by this method were in line with the work
by Sasaki et al. [5] described above and were also
consistent with the notion that pH oscillates from neutral to
acidic during maturation.
At this point, it would be useful to summarize some
aspects of the works detailed in this section. Based on the
descriptions of sample preparation in which the enamel
organ had been removed, it is highly likely, then, that the
pH staining solutions in the studies discussed above are
indicative of extracellular pH [5, 40]. It is also unlikely that
intracellular pH drops to acidic levels such as those
recorded during maturation (e.g., pH of 6.2), thus one
should expect that the acidic conditions measured from
tissue and enamel homogenates using electrodes [5, 40]
largely reﬂect extracellular pH. The works discussed above
also demonstrate the irregular pH constancy throughout
amelogenesis. During the secretory phase, pH values
cluster around neutral conditions (*7.2). In contrast, pH
values during maturation stage show a considerable range
of values from acidic to near neutral, rising to higher values
in the more advanced matured enamel. These changes are
correlated with the functional stage of ameloblasts. Alka-
line conditions predominate during the smooth-ended
stage, whereas acidic conditions likely dominate during the
rufﬂe-ended stage. pH conditions also affect the stochi-
ometry of the crystals, as mineral ratios differ between
crystals grown in acidic versus alkaline environments.
pH Regulation in Amelogenesis
Ameloblast cells play an active role in pH regulation by
using various acid–base transport mechanisms that may be
found in a variety of tissues and cells. Others may be
unique to the ameloblasts, as, for instance, the potential
buffering role that amelogenins play during the initial
phase of enamel development when crystal growth is
moderate [35]. As pointed out [35], the nucleation of
hydroxyapatite-like crystals produces large quantities of
hydrogen protons throughout amelogenesis, but this activ-
ity peaks during the maturation stage. It is known that
hydrogen protons acidify the microenvironment of the a-
meloblasts, requiring tight regulation of pH to prevent
disruptions to crystal growth. However, the sequence of
events altering extracellular pH during amelogenesis
remains to be resolved. While most studies suggest that
proton release by growing crystals acidiﬁes the cell
microenvironment and that ameloblasts then act in
response to low extracellular pH by secreting bicarbonate
(e.g., Refs. 1, 5, 35) (Fig. 1, scenario A), at least one study
suggests that this working model may be more complex
[39]. Speciﬁcally, the high extracellular pH recorded in
calcifying enamel, well above neutral conditions (pH 8.5),
by [
14C]DMO autoradiography was interpreted as resulting
from the binding of calcium ions with protein matrix [39].
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ulate the magnitude of bicarbonate secretion as a primary
event (independent of changes in extracellular pH) in order
to induce crystal nucleation by creating a microenviron-
ment that decreases the solubility of calcium phosphate
(Fig. 1, scenario B). In this second scenario, the concom-
itant release of protons due to hydroxyapatite formation
would in turn lower the extracellular pH toward neutrality.
Further studies are needed to address which of these
models accounting for the changes in extracellular pH is
correct. It may also be possible that a combination of these
two models is correct.
Given the known changes in crystal growth between
secretion and maturation and the pH shifts associated
particularly with the maturation phase, it should also be
considered whether the same mechanism of pH homeo-
stasis is used throughout amelogenesis, or if there are
variations in pH regulation at each stage. In the following
section, evidence is provided for the involvement in pH
regulation of carbonic anhydrases (CAs) and the cystic
ﬁbrosis (CF) conductance transmembrane regulator, and
ﬁnally, we discuss the role of bicarbonate cotransporters.
None of these pathways is unique to ameloblasts.
Carbonic Anhydrases
CAs are a large family of enzymes containing numerous
isozymes varying in cellular localization, kinetics, and
tissue distribution, acting as catalysts for the reversible
hydration of carbon dioxide to bicarbonate ½CO2 +H 2O $
Fig. 1 Changing pH conditions
impacting on enamel
hydroxyapatite crystallite
growth model. Two scenarios
are shown: scenario A, where
pH changes are dominated by
nucleation, and scenario B,
where gene expression initiates
and controls pH changes in the
enamel extracellular
environment
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3 +H þ : CAs also participate in biological processes
including pH homeostasis, CO2 and HCO 
3 transport, and
bone resorption [45, 46]. The only two isoforms reported in
dental tissues to date are CAs II and VI [47, 48]. CA II
(CA2) is the most widely expressed isozyme found in all
major mammalian organs and localized to the cytoplasm.
CA6 appears to be the only secreted isozyme [46, 49, 50].
Earlier studies on CA expression in dental tissues did
not account for isozyme class but generally reported CA
activity as a single type. This issue was partly resolved
during the mid-90s with the identiﬁcation of various iso-
zymes. Currently, 16 isozymes are recognized [45]. It
should be pointed out that despite the role(s) that CAs may
play during amelogenesis described below, no enamel
defects associated with deﬁciencies in the expression of
CAs have been reported.
The earliest report on CA activity in dental tissues was
made by Kondo and Kuriaki [51] in homogenates from
adult rat incisors. A later histochemical analysis of une-
rupted hamster molars conﬁrmed CA expression and found
staining in more mature ameloblasts near the tips of the
cusps and in postsecretory ameloblasts but not in young
ameloblasts [52]. Sugimoto et al. [53] reported a similar
pattern in the mature ameloblasts of rat incisors.
Early studies considered that the role of CAs was to
supply ions into the mineralization sites to initiate crystal
nucleation [54]. This interpretation appeared to be sup-
ported by the expression of a high-activity type of CA
during the early stages of enamel development whose
expression decreased in maturation-stage ameloblasts [54].
However, focusing on CA2, Lin et al. [55] studied CA2
expression in maturation stage ameloblasts by immunogold
labeling. Rufﬂe-ended ameloblasts were more strongly
stained for CA2 than smooth-ended ameloblasts, showing a
greater number of gold particles in the distal end of cyto-
plasm. The rufﬂed border of rufﬂe-ended ameloblasts was
the most immunoreactive site. This observation, together
with a higher expression of H
?ATPase on the rufﬂed-
border, prompted the interpretation, or hypothesis, that
rufﬂe-ended ameloblasts have a proton pump to transport
H
? ions into the enamel. While a similar H
? transport
mechanism is noted in osteoclasts, the function in osteo-
clasts, in part, mediates the resorption of mineralized tis-
sues [56], a function that is not apparent in ameloblasts.
This hypothesis, however, drew parallels from the work of
Sasaki et al. [5], which suggested that acidic pH in rufﬂe-
ended ameloblasts may be due to proton release, and with a
previous study reporting the involvement of proteases in
matrix degradation during maturation which are released in
the rufﬂe-ended stage [20]. It should be pointed out,
however, that despite more recent studies conﬁrming CA2
expression on the maturation stage of amelogenesis but not
during the secretory stage [47], others have found CA2
expression in secretory-stage ameloblasts [48], which
suggests that this issue remains unresolved.
CA6, also referred to as gustin in the literature, was
originally described as a glycoprotein found in human
saliva [46]. Two isoforms of CA6 have been reported,
Types A and B, but only the former is found as a secreted
protein [57]. Screening of the rat incisor cDNA library by a
signal peptide trap identiﬁed a DNA fragment which
matched the rat Type A of CA6 from the predicted trans-
lation sequence [48]. That study used rat incisor enamel
organ samples from different developmental stages further
characterized by reverse transcription PCR and Northern
blotting. CA6 was found to be expressed during the mat-
uration stage. However, which enamel organ cells express
CA6, or the postsecretory localization of this enzyme, is
not known. Smith et al. [48] posited that CA6 function
during maturation may be associated with local buffering,
providing bicarbonate ions or recycling excess of carbonic
acid.
The Cystic Fibrosis Conductance Transmembrane
Regulator (CFTR)
Enamel contains relatively high levels of chloride [58]. The
exact role of chloride in the development of enamel
remains under investigation but Odajima and Onishi [59]
suggest that its function may be related to crystallite
growth by acting as a transmitter of charge (cation carrier).
Reports on disruption to normal chloride movement in
epithelial cells, which results in CF, have also reported
dental abnormalities [60, 61], and thus it has been con-
sidered that CF-null mice are a good model to investigate
the role of chloride in enamel formation [62, 63].
CF is the most common and potentially lethal autosomal
recessive hereditary disease affecting individuals of Euro-
pean origin [64]. It should be regarded as a multiorgan
system disorder caused by a single biochemical abnor-
mality [65]. This disorder is characterized by a disruption
to the chloride transport channel in epithelial cells resulting
in clinical manifestations such as respiratory failure, pan-
creatic insufﬁciency, and chronic sinusitis [64]. The exo-
crine (mucous) glands of the lungs, liver, pancreas, and
intestines are the most affected. Chloride movement across
epithelial cells is an important physiological regulator of
salt and water [65]. The cell mechanism of such regulation
involves plasma membranes on the apical surface of epi-
thelial cells. Opening of this membrane allows chloride
ﬂow into the cell through an electrochemical gradient in
response to b-adrenergic stimuli, increasing cAMP to
activate protein kinase A, which mediates the opening of
the channel [66]. In CF, this opening of the chloride
channel is deregulated and does not respond to cAMP
increases [65].
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27 exons. The coded protein, which contains 1480 amino
acids [67], is known as the ‘‘cystic ﬁbrosis conductance
transmembrane regulator’’ (CFTR), which functions as a
cyclic AMP-regulated chloride channel and as a regulator
of other ion channels and transporters. A single mutation at
position 508 accounts for the majority of the known CF
disorders [68]. In the oral cavity, CF abnormalities have
been related to elevated pH and an increase in calcium
content [69]. Original reports relating CF with dental
defects, however, presented some problems, as several of
these descriptions included patients treated with therapeu-
tic drugs including tetracycline, rendering difﬁcult delin-
eation of the defect’s exact etiology [62, 63]. Earlier work
by Cua [70] reported mineral differences in teeth from
children with CF, including individuals who had not taken
tetracycline. A variety of studies examining the enamel
deﬁciencies and alterations associated with abnormal
CFTR function in a mouse model have been reported by
Wright et al. [7, 62, 63, 71]. The mouse models used in
those studies were originally reported by Koller et al. [72]
and Snouwaert et al. [73]. The ﬁrst report on enamel
abnormalities from CF animals derived from this gene-
targeting mutation indicated that during early secretion
ameloblast cells appeared normal, displaying polarized
features. However, during late secretion/early maturation
these cells changed morphology to become cuboidal cells,
with premature transition to a squamous epithelial stage
[74]. Importantly, the enamel architecture and thickness of
these CF mice appeared normal under the scanning elec-
tron microscope and crystallites had a morphology similar
to that of normal mice, albeit appearing more porous in
TEM [62, 63]. The gross external appearance of the CF
mouse incisors was described as chalky-white, differing
from the characteristic yellowish (iron-rich) pigment
observed in the enamel of normal mice [62, 63]. This
difference in coloration could distinguish CF mice from
normal mice already at 3 weeks of age [62, 63]. It should
be pointed out that this gross pigmentation difference in
enamel could not be detected in molars of CF animals [62,
63]. When the amino acid composition of incisor enamel
from the secretory stage was compared between CF and
normal mice, it was shown to be very similar, but this was
not the case in the maturing enamel, which showed a
decrease in proline and histidine. Interestingly, secretory
and mature zones of CF incisor enamel showed cross-
reactivity with antiamelogenin antibody, but only to the
secretory stage in normal mice [62, 63]. The enamel of CF
animals was deemed ‘‘soft’’ during mechanical preparation
of tooth samples. This led to the analysis of mineral
composition, ﬁrst by means of atomic absorption spectro-
photometry, which showed that the CF enamel was con-
siderably hypomineralized compared with that of normal
mice and that it contained high levels of magnesium [62,
63]. Subsequent elemental analysis of CF enamel by
energy-dispersive x-ray spectroscopy indicated decreased
levels of chloride in the secretory stage, as well as a general
decrease in iron and potassium, in addition to a reduction in
calcium-to-phosphorus ratios [71]. The latter study also
showed that the Cftr gene was expressed in normal enamel
cells by RT–PCR. Based on these results, Wright et al. [62,
63] surmised that the enamel defects of CF-deﬁcient mice
could result from a loss of ameloblasts’ capacity to process
extracellular matrix during the maturation stage. This
abnormal cell capacity means that amelogenin, which
stained positively in the maturation stage of enamel in CF
mice but not in normal mice, may remain in the extracel-
lular space affecting crystallite growth, as suggested by the
irregular surface topography of CF crystallites examined
using TEM.
Building from this work, a more recent study on CF-
deﬁcient mice reveals an important mechanistic role of
CFTR in the regulation of pH during enamel development
[7]. The relationship between pH regulation and CFTR
stemmed from the role that CFTR plays in the regulation of
Cl and HCO 
3 in intestinal cells [75] and the purported
role of HCO 
3 as pH buffer in enamel [1]. Sui et al. [7]
demonstrated that the dissected incisors of CFTR animals
stained yellow when immersed in pH indicator solution,
pointing to a low or acidic pH in the transition and matu-
ration zones of enamel.
Solute Carriers
The SLC4 family includes membrane proteins that play an
important role in regulating intra- and extracellular pH and
are a key base transport system in eukaryotic cells [76].
Two of these genes, SLC4A2 and SLC4A4, encode the
anion exchanger (AE2) and the electrogenic bicarbonate
cotransporter (NBCe1), respectively [76]. The interest in
AE2 and NBCe1 was generated by studies in which
mutations to SLC4A2 and SLC4A4 reported enamel
abnormalities in humans and mice [77–79].
The SLC4 family is divided into three groups according
to their ability to transport Na
? and Cl
- simultaneously,
with the SLC4A4 mediating the electrogenic transport of
Na
? and and base [76]. There are three variants of the
membrane protein NBCe1 (NBCe1-A, NBCe1-B and
NBCe1-C; all produced from the gene locus Slc4a4), which
result from two different promoter regions (NBCe1-A and
NBCe1-B) or from alternative splicing (NBCe1-C) [80,
81]. There is a broad distribution of tissues that express
NBCe1-B, while NBCe1-A is only expressed in the kidney
and eye [80, 81]. The NBCe1-C variant has only been
identiﬁed in rat brain tissues [82], and because of this, it
appears unlikely to have a more widespread expression
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123proﬁle. In the case of AE2 (gene locus Slc4a2), ﬁve iso-
forms are recognized and differ in their promoter regions
[83–85]. With the exception of NBCe1-C, each of the
isoforms of AE2 and NBCe1 can be identiﬁed by its unique
N0 terminus, while the majority of each protein, through its
C0 terminus, remains constant. This use of different pro-
moter regions allows for the distinction of each isoform by
either RT–PCR (using a unique forward primer), immu-
nolabeling (using antibodies that recognize only the N0
terminus), and in situ (using labeled RNA or DNA
hybridization probes to the unique 50 regions).
Mice lacking Slc4a2 encoding the AE2 anion exchanger
are edentulous [78]. In addition, patients with SLC4A4
mutations encoding the electrogenic sodium bicarbonate
cotransporter NBCe1 have enamel abnormalities [77, 79]
and similar ﬁndings have recently been documented in
mice lacking SLC4A4 [86]. Lyaruu et al. [87] showed that
mice lacking AE2a/b have an abnormality in incisor
enamel maturation, whereas molars are less severely
affected. The loss of AE2 function results in a more severe
tooth phenotype than loss of NBCe1 [77, 79, 86]. The
incisors of mice lacking NBCe1 have a chalky-white
appearance and are prone to enamel fracture [86]. In
patients with loss of NBCe1 function, enamel defects have
been described that appear as raised white and white-chalk-
like spots [79]. The NBCe1 mutations in these patients
involved all three NBCe1 variants (NBCe1A-C).
Paine et al. [8] using the LS8 ameloblast cell model
system, recently showed that the variants of AE2 and
NBCe1 that are expressed on the apical and basolateral
membrane of secretory ameloblasts are AE2a and NBCe1-
B, respectively. Moreover, the levels of AE2a and NBCe1-
B mRNAs were pH dependent, with both transcripts
showing the highest level of expression below pH 7.0. The
results suggested that NBCe1-B variant mediates basola-
lateral bicarbonate transport in ameloblasts, whereas apical
bicarbonate secretion is mediated by AE2a. This model is
in keeping with reported calcium concentrations at the
secretory and basal cell poles [88]. Importantly, given that
the tooth phenotype in patients and mice with loss of
NBCe1-B function is not characteristic of subjects with
comparable metabolic acidosis, we hypothesized that the
enamel defects in patients with SLC4A4 mutations were
due to abnormal ameloblast function (loss of NBCe1-B
transport per se) rather than due to systemic acidosis. To
further investigate the role of NBCe1 in enamel formation
we have used mice with a targeted disruption to the Slc4a4
gene locus (referred to as NBCe1
-/-), which do not
express any of the NBCe1 isoforms [86]. Our results show
that the enamel of NBCe1
-/- animals is extremely hypo-
plastic and thin, and that its prismatic structure is severely
disorganized [89, 90]. The current model of ameloblast
acid–base transport suggests that ameloblasts secrete
bicarbonate across their apical membrane to buffer the
proton load generated by apatite formation (see pH Regu-
lation in Amelogenesis, above). In this scenario, both the
bicarbonate secretory rate and the proton production rate
likely change as a function of time depending on the
ameloblast stage given that net pH various during the
various maturation stages [5, 6]. We surmise that SLC4
bicarbonate transporters thus play an important role in pH
regulation/bicarbonate transport in ameloblasts and other
cell types [8, 76].
Model for pH Regulation
Based on the details discussed in the previous section, we
propose a working model for understanding the regulation
of pH by ameloblasts (Fig. 2). We recognize that whereas
CA2 expression is greater during the rufﬂe-ended phase, at
present, we have no data to support a greater afﬁnity in the
expression of CFTR, NBCe1, or AE2 with the ameloblast
functional stages. Having said that, it should be highlighted
that we have recently shown higher expression of NBCe1
in the more mature stages of enamel formation [89, 90],
and the same applies to CA6 [48]. In the case of CFTR and
AE2, this remains to be elucidated. In our working model
for pH regulation thus we have made use of a polarized
Fig. 2 Simpliﬁed ameloblast bicarbonate transport model based on
published data for NBCe1-B, AE2a, CFTR, CA2, and CA6. NBCe1-B
is localized basolaterally and AE2a is expressed apically, while CA2
is intracellular and CA6 is secreted
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123ameloblast during the early maturation stage at an unde-
termined functional stage. The proposed model for ame-
loblast bicarbonate transport (Fig. 2) is based on published
expression proﬁle data for NBCe1-B [8], AE2a [8], CFTR
[7], CA2 [55], and CA6 [48].
Genetic Disruptions to pH Regulators Create Abnormal
Enamel Phenotypes
Disruptions to normal enamel development have been
commonly associated with genetic defects resulting from
the abnormal expression of enamel-speciﬁc genes (e.g.,
Ref. [91]). Such dental anomalies are generally classiﬁed
as amelogenesis imperfecta (AI) and are not often associ-
ated with syndromes or metabolic disorders [91, 92]. As
discussed in previous sections, ameloblast cells synthesize
and secrete a number of proteins largely restricted to the
enamel environment. Amelogenin is the main secreted
product of ameloblasts, forming about 90% of the total
volume of the extracellular matrix proteins. Mutations to
amelogenin and other ameloblast products (ameloblastin,
enamelin, proteases, etc.) in humans and, in some instan-
ces, also in mice, result in AI, although there is ample
variation in the severity of the resulting phenotypes for
each gene, a variation that also depends on the region
within each gene where the mutations occur [91]. In a
recent review of the molecular etiologies of AI, Wright
[91] discussed the involvement of additional genes in AI
based on linkage studies. Indeed a recent addition to the AI
spectrum has been the identiﬁcation of mutations to the
metal transporter CNNM4 [93]. Here, we focus on the
dental phenotypes caused by disruptions to the expression
of pH regulators during enamel formation, which, given
their etiology, likely form a different group from those
classically described as AI. It should be pointed out that
because the expression of genes thus far identiﬁed as
important players in ameloblast pH homeostasis is not
restricted to the enamel environment, it is not unusual to
ﬁnd associations between dental anomalies and metabolic
disorders or syndromes.
Patients with familial proximal renal tubular acidosis
(pRTA) due to SLC4A4 mutations have a lower than
normal level of circulating bicarbonate and frequently have
short stature, bone growth delays, and ocular defects
including band keratopathy, glaucoma, and cataracts [94,
95]. However, there have been documented case reports in
which dental enamel abnormalities have been identiﬁed in
patients with inherited pRTA [94, 96–98]. These case
reports identify enamel anomalies associated with abnor-
mal pH regulation/transport in multiple organs including
teeth. Mice null or mutant for the Slc4a2 gene locus
(coding for the anion exchanger AE2) have abnormal
enamel [78, 87]. Furthermore, human patients with muta-
tions in the SLC4A4 gene locus [77, 94], and mice null for
Slc4a4 [86], have enamel abnormalities. These observa-
tions suggest that AE2 and NBCe1 each play an essential
role in enamel formation. Two recent reports provide the
ﬁrst evidence that AE2 [8, 87] and NBCe1-B [8] are
expressed in dental enamel cells (ameloblasts) in a
Fig. 3 Scanning electron
micrograph of molar teeth in
Slc4a4-null mice. The three
right mandibular molar teeth
from the lateral view. Samples
are 14-day-old wild-type (a) and
Slc4a4-null (b) animals of the
same litter. Scale bar: 0.5 mm
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123polarized fashion, thereby providing a molecular mecha-
nism for ameloblast transcellular bicarbonate secretion in
the process of enamel formation. Figure 3 shows a lateral
view of the molar row in wild-type and NBCe1
-/- animals,
clearly illustrating abnormal enamel in the latter.
A diagnosis of pRTA is most likely made by the
patient’s pediatrician, a pediatric ophthalmologist, a cornea
specialist, or a nephrologist. The speciﬁc tissues involved
depend on which of the NBCe1 variants are affected.
While unknown at this stage, it is possible that all patients
with pRTA due to SLC4A4 mutations affecting the
NBCe1-B variant have dental pathology. Postdiagnosis,
because of the systemic nature of the disease, the primary
care physician should consult with the appropriate medical
specialists and, also, a pediatric or general dentist. This is a
prudent approach since immediate preventative medical
and dental treatment may be indicated. In the case of dental
diagnosis/therapy, early preventive treatment could avoid
excessive wear and disease to dental tissues. The primary
dentition starts to erupt at *6 months of age, and this is
the ideal time to start ongoing dental observation and
preventive treatment. Appropriate dental therapy would
include ﬁssure sealants, more frequent topical ﬂuoride
applications, and composite veneers to protect pitted or
chalky enamel.
Just as mutations to the SLC4A4 gene locus may result
in abnormal enamel phenotypes, mutations affecting the
CFTR (cystic ﬁbrosis) gene locus may also result in dental
and enamel anomalies, however, in a human population
there are only a few documented cases that have identiﬁed
such a connection [60, 99]. Data from the CF mouse (tar-
geted knockout of the Cftr gene locus) [72, 73] do suggest
that a disruption to this gene activity does impact on the
enamel phenotype [7, 62, 63]. Clearly, further studies on
human populations and animal models are required to
establish the exact role of HCO 
3 ;Cl ; and H
? movements
in ameloblast cells during amelogenesis.
No reports to date have identiﬁed disruptions to enamel
formation in association with defects of CAs. The only
possible exception is a single report on maloclussion in
patients with CA2 deﬁciencies [100], although the causes
for such abnormality could easily be related to bone defects
linked to CA2 rather than tooth malformation.
Summary
Amelogenesis is a complex and continuous process during
which enamel matrix proteins interact with growing crys-
tals. pH values are maintained in near-neutral conditions
(*7.2) during secretion, whereas the extracellular pH
shows considerable variation during maturation, shifting
from acidic to near-neutral values, then rising to higher pH
levels in more mature enamel. Alkaline conditions pre-
dominate during the smooth-ended stage of ameloblast
modulation during maturation, and acidic conditions likely
dominate the rufﬂe-ended phase. These shifts between
rufﬂe and smooth phases appear to be a unique property of
ameloblasts, playing a role in regulating the ﬁnal stages of
enamel crystal growth by allowing the movement of car-
bonates and other ions into the enamel zone [21, 22, 41].
pH affects the stoichiometry of the crystals, as the ratios of
mineral content differ between acidic and alkaline regimes.
The known pathways employed by ameloblasts to date in
pH regulation involve CAs (to generate local bicarbonate),
chloride (CFTR regulated but whose function is less clear),
and bicarbonate cotransporters (permit the passage of
bicarbonates from external sources, across the basal end, to
the apical pole of ameloblasts). Based on the abnormal
phenotypes resulting from the lack of expression of the
genes or proteins associated with the pathways described
above, we surmise that the development of healthy enamel
requires correct maintenance of pH homeostasis at all
stages of enamel formation. In the case of CAs, given that
no abnormal enamel phenotypes have been associated with
disruptions in gene expression to date, and given the high
number of CA isoforms [45], it may be the case that iso-
forms other than CA2 and CA6 are expressed by amelo-
blasts, compensating for the loss of CA2 and CA6 activity.
In conclusion, there is growing evidence that gene reg-
ulation and protein expression maintain an enamel pH
conducive to enamel biomineralization and that bicarbon-
ate transporters, chloride channels, and CAs all play an
important role in pH regulation and maintenance.
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